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I.  Background 



Mo<va<on: Social & Economic 

As  the snow

melts, water

flows to

reservoirs,

where it makes

its way through

aqueducts to

agricultural and

urban areas.

This shows

aqueducts for

water resource

re-distribution

in California

  The Sierra Nevada is a 
narrow coastal 
mountain range 
 ~650km in length 
 ~80km in width  

  Snowmelt runoff 
accounts for more than 
half of the California 
water supply 



Mo<va<on: Past Work is Incomplete 
Streamflow Studies 

  Streamflow is not a perfect 
measure of snowmelt, as it 
can be influenced by 
erroneous factors: 
 Precipita<on 
  Temperature 
  Lithogy 
  Soil composi<on 
 Vegeta<on 
 Pre‐snowmelt soil moisture 
 Calcula<on method 

  Measurements in changes in 
streamflow pulse may 
measure a climatological 
conversion of a region 
receiving rainfall instead of 
snowfall, and not early 
season snowmelt 

troid of the snowmelt hydrograph; this date is, there-
fore, reflective of the annual hydrograph as a whole
rather than an individual day or event. This metric also
provides information on the fraction of winter precipi-
tation that falls as rain versus snow.

The second panel in Fig. 1 shows trends in the timing
of peak flows on the American River near Nile for the
period 1950–99. The two time series represent dates
corresponding to the annual maximum flow (black
circles) and dates corresponding to 50% of the annual
flow (gray circles). Both time series have negative
trends, suggesting that peak flows are occurring earlier.
However, the time series formed from annual peak
flows is clearly influenced by the inclusion of a number
of rainfall events, and the overall trend is not statisti-
cally significant. The time series formed with the pro-
cedure described above appears to be more robust in
selecting the peak period of snowmelt; this trend is sta-
tistically significant at the 0.10 level.

In addition to trends in the timing of snowmelt, we
examined changes in monthly and seasonal (April–
July) volumes of streamflow. The streamflow analyses
are used to corroborate analyses of precipitation and
SWE, which may affect the timing of snowmelt inde-
pendent of any change in temperature.

b. Snow

Trends in SWE were investigated using data from
snow-course surveys conducted by the Natural Re-
sources Conservation Service (NRCS) The snow-
course surveys are conducted during the months of

January–June, and SWE measurements are generally
taken on or about the beginning of each month. Snow-
course measurements are taken most frequently at the
beginning of April, which is representative of peak
SWE in many regions. Applications of SWE measure-
ments across the western United States and limitations
of the data are discussed by Clark et al. (2001). In our
analysis we considered SWE data from March, April,
and May, as most of the snow is melted by June. We
restricted the analysis to snow-course sites that have
been visited on at least 80% of the years during 1950–
99. We used 469, 501, and 239 stations with SWE data
for March, April, and May, respectively; however, the
spatial distribution of stations has not changed much
even though the number of stations varied in each
month (see, e.g., Fig. 5).

c. Precipitation and temperature

Precipitation and temperature data were obtained
from the National Weather Service Cooperative Net-
work (COOP). Most COOP stations have records be-
ginning from the mid-1900s. Stations with continuous
daily records from 1950–99 over the western United
States were selected. Approximately 75% of the sta-
tions are situated at elevations lower than 1600 m;
some locations in the Rocky Mountain region of Col-
orado and New Mexico are at elevations greater than
1800 m.

Total winter season precipitation was computed for
each COOP station for the months of November–
March. Trends in spring temperatures were examined

FIG. 1. (a) Daily hydrograph for water year 1974 of the American River near Nile, WA (USGS gauge 12488500).
Solid line indicates the data of the annual maximum flow; this peak is likely the result of rainfall. Dashed line
indicates the day corresponding to 50% of the annual flow; this date precedes the main snowmelt peak by about
10 days but coincides relatively closely to the centroid of the snowmelt hydrograph. (b) Trends in the timing (day
of the water year) of peak flows on the American River for the period 1950–99. Black circles indicate dates
corresponding to the annual maximum flow; a number of these flows were produced by rainfall rather than
snowmelt. Gray circles indicate dates corresponding to 50% of the annual flow; nearly all of these dates fall within
the period of snowmelt streamflow. The trend formed from annual peaks (solid line) is not statistically significant,
whereas the trend formed by selecting peaks in snowmelt (dashed line) is significant at the 0.10 level.
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Sources: Aguado et al. 1992, Regonda et al. 2004 



Mo<va<on: Past Work is Incomplete 
Snow Water Equivalent (“SWE”) Studies 

  Only April 1st SWE values 
were used for trend analysis 
 Measurements were taken 

AROUND April 1st (within 2 
weeks +/‐) 
o  Papers assume the measurement 

date would not affect trend 
analysis 

o  Trends in the Sierras are not 
always sta<s<cally significant 

 This single annual snapshot does 
not easily transfer into 
understanding the mechanism 
for change (precipita<on, early 
season snowmelt, or 
measurement date error) 

Sources: Mote et al. 2005 
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topography) are not always
an accurate representation
of actual conditions at each
snow course location since
most meteorological stations
are at lower elevations.

VIC has been used in
numerous climate studies
of rain-dominant, tran-
sient-snow, and snow-
dominant basins around
the world and has been well
validated with observations,
particularly in the moun-
tain West, where it has been
used for streamflow fore-
casting applications (Hamlet
and Lettenmaier 1999b;
Hamlet et al. 2002) and for
producing climate change
scenarios (Hamlet and
Lettenmaier 1999a; Wood
et al. 2002; Snover et al. 2003;
Christensen et al. 2004).
Daily values of maximum
temperature (Tmax), minimum temperature (Tmin), and
precipitation are the only variables needed; for this
study, a new meteorological dataset has been devel-
oped (Hamlet et al. 2005) for 1915–97 at the VIC reso-
lution of 0.125° 

× 0.125° (approximately 12 km lati-
tude × 10 km longitude). These data include an
adjustment to the long-term trends from regridded
USHCN and HCCD data. Calculating snowfall and
snow accumulation in this way ensures consistency
with observations over several decades. The VIC
simulation is performed over the domain shaded gray
in Fig. 1, a total of 16,526 grid points.

At 12 of the VIC grid points, snow accumulates
from year to year: the model grows glaciers. These
grid points correspond to locations of actual glaciers
(high in the Canadian Rockies, the North Cascades,
the Olympics, and Mount Rainier), but because there
is no mechanism in the model for glaciers to flow
downhill, the glaciers cannot achieve a realistic bal-
ance between accumulation and loss. These 12 grid
points were omitted from the analysis.

SPATIAL PATTERNS OF TRENDS. At each
model grid point and for each snow course location,
linear trends in 1 April SWE have been calculated for
1950–97. Similar analyses have been performed for
other observation dates (1 and 15 February through
June) and other periods of record (beginning 1920,

1930, . . . 1960), but in the interest of space we focus
on 1 April 1950–97 (Fig. 1). For the model, trends are
not shown at low elevations, where snow is rare (mean
1 April SWE < 5 cm). Largely, usually negative, rela-
tive trends are observed at such grid points but are
not hydrologically relevant.

For locations where observations are available,
negative trends are the rule, and the largest relative
losses (many in excess of 50%, some in excess of 75%)
occurred in western Washington, western Oregon,
and northern California. (Relative trends less than
−100% can occur when the best-fit line passes through
zero sometime before 1997; i.e., when events of non-
zero SWE became increasingly rare.) Increases in
SWE, some in excess of 30%, occurred in the south-
ern Sierra Nevadas of California, in New Mexico, and
in some other locations in the Southwest. Decreases
in the northern Rockies were mostly in the range of
15%–30%.

Results produced by the hydrologic model com-
pare well with the observations, and the fraction of
negative trends is almost identical (75% for observa-
tions, 73% for VIC). Many of the details are similar
in VIC and in observations: for example, the mix of
increases and decreases on the Arizona–New Mexico
border, the increases in central and southern Nevada
and decreases in eastern Nevada, and the increases in
southwest Colorado. Some of the areas in Idaho and

FIG. 1. Linear trends in 1 Apr SWE relative to the starting value for the linear
fit (i.e., the 1950 value for the best-fit line): (a) at 824 snow course locations in
the western United States and Canada for the period 1950–97, with negative
trends shown by red circles and positive by blue circles; (b) from the simula-
tion by the VIC hydrologic model (domain shown in gray) for the period 1950–
97. Lines on the maps divide the West into four regions for analysis shown in
subsequent figures.

1950‐1997 Trend 



Error of Measurement Dates for “April 1st” SWE 
Values 

Mean Measurement Date  Stdev in Measurement Date 
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My Analysis of the Available SWE Observa<ons 
Detec<on of Snowpack Climate Sensi<vity 

  Previous studies have focused on the robust April 1st SWE 
data set to detect changes in the snowpack in the 
American West, this metric is limited by its ambiguous 
rela<onship with accumula<on and melt over individual 
snow seasons 

  Moreover, previous monthly studies have also assumed 
measurement dates on the 1st of the month, which 
introduces error into trend analysis 

  Given the overall temperature trend of warmer average 
March/April temperatures in the Sierras (0.1°C/decade 
from 1930 to 2003), how has the snowpack responded? 

  Can a physical mechanism explain changes in snowpack 
evolu<on over a season and be quan<fied? 



II.  Methodology / Data Sets 
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  154 sta<ons with 
monthly Snow 
Water Equivalent 
(“SWE”) 
measurements 
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Snow Mass Peak Date (“SCD”) 
Calculation of Snowpack Metric 

  The snow mass peak date for a par<cular year 
is given by the temporal centroid date of SWE 
values taken at 4 roughly‐monthly 
measurement dates from mid‐January to mid‐
May 

€ 

Snow Mass Peak Date =
tiSWEi

i=1

4
∑

SWEi
i=1

4
∑



Snow Mass Peak Date (“SCD”) 
Calculations: ‘96 Adn Mtn Station and Daily vs. Monthly 
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  Quan<fies systema<c changes in snow accumula<on and melt <ming 
  Can determine such changes over the 79 year record despite the lack of 

daily data 

72 



III.  Analysis 



Trend in Snow Mass Peak Date 
Slope Sta<s<cal Significance: p<0.01 
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Sources: Similar to Cayan et al. 2001: “Changes in the Onset of Spring in the Western United States” 
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38% of the total variance, and expresses timing fluc-

tuations of streams in most of the Northwest, the cen-

tral and Northern Rockies, and to some extent the

Sierra Nevada in California. Associated with EOF 1

is a trend toward earlier spring values (Fig. 11, bot-

tom). Correspondence between the time series of

spring pulse EOF 1 and that of lilac first bloom EOF

1 is quite high (r = 0.78, p ! 0.01). Further, spring pulse

timing has a significant link to anomalous spring tem-

perature: the correlation between the spring pulse EOF

1 and the interior Northwest spring temperature series

is 0.55 (p ! 0.01).

5. An advance in the onset of spring

All three spring indicators—lilacs, honeysuckles,

and streamflow (Figs. 7, 11, and 12)—exhibit trends

toward earlier spring timing since the mid-1970s. For

insight into this change, spring conditions associated

with the most extreme year in the lilac and honey-

suckle record were examined. Inspection of all spring

onset dates from the entire set of lilac bloom, honey-

suckle bloom, and spring pulse data (Fig. 12, top and

middle) indicates that the years with latest bloom are

1964, 1967, and 1975, and the years with earliest

bloom are 1986, 1987, and 1992. Thus, years with lat-

est bloom occurred nearly exclusively in the first half

of the record while nearly all years with earliest bloom

occurred in the second half of the record after the mid-

1970s. Temperatures during these extreme years (not

shown) are characterized by anomalously cool and

warm springs, respectively, across large parts of west-

FIG. 11. EOF 1 of anomalous spring pulse dates of stream-

flow: spatial patterns (top); and principal component series

(1948–94; bottom). EOF weights are expressed as correlations

between their principal component and each site’s raw spring

pulse dates; red dots represent positive and, respectively.

FIG. 12. Aggregate of all lilac first bloom dates (top), honey-

suckle first bloom dates (middle), and spring pulse dates (bottom).

Linear-regression trend line is included in each.

Days/Decade and Degrees/Year 
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Snow Mass Peak Date vs. April 1st SWE 
Colored by Mean March/April Temperature 
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SWE < 100cm 

•  Smaller / more 
variable storms 

•  Shallow snow 
more sensi<ve to 
temperature 
fluctua<ons  

•  Correla<on of SCD 
and Temperature: 
r = ‐0.61 

Snow Mass Peak Date vs. April 1st SWE 
Colored by Mean March/April Temperature 

SWE > 100cm 

•  Consistent storm 
ac<vity for high 
accumula<on 

•  Delayed mel<ng due to 
thermal iner<a 
enhancement 

•  Requires significant 
warming to melt 

•  Correla<on of SCD and 
Temperature : r = ‐0.47 



Snow Mass Peak Date vs. Temperature 
Station Values: Slope=-2.5 days/°C, r=-0.62, p<0.01 
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Fig. 6. Scatterplot of averaged March and April daily maximum temperature versus SCD
for 70 stations from 1950 to 2003 for: (a) observations of SCD and local temperature, (b)
anomalies, and (c) mean values. The dashed black line denotes the linear trendline on each
graph. The two variables are strongly anti-correlated for all plots: (a) r = -0.62, (b) r =
-0.65, and (c) r = -0.63, with p < 0.01 for all graphs. If the correlation is calculated for
the detrended direct observations and detrended anomalies, the anti-correlations are slightly
lower(r= -0.47 in each case), but still material.
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Snow Mass Peak Date vs. Temperature 
Anomalies: Slope=-3.0 days/°C, r=-0.65, p<0.01 
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Fig. 6. Scatterplot of averaged March and April daily maximum temperature versus SCD
for 70 stations from 1950 to 2003 for: (a) observations of SCD and local temperature, (b)
anomalies, and (c) mean values. The dashed black line denotes the linear trendline on each
graph. The two variables are strongly anti-correlated for all plots: (a) r = -0.62, (b) r =
-0.65, and (c) r = -0.63, with p < 0.01 for all graphs. If the correlation is calculated for
the detrended direct observations and detrended anomalies, the anti-correlations are slightly
lower(r= -0.47 in each case), but still material.
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Snow Mass Peak Date vs. Temperature 
Mean Values: Slope=-2.0 days/°C, r=-0.63, p<0.01 
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Fig. 6. Scatterplot of averaged March and April daily maximum temperature versus SCD
for 70 stations from 1950 to 2003 for: (a) observations of SCD and local temperature, (b)
anomalies, and (c) mean values. The dashed black line denotes the linear trendline on each
graph. The two variables are strongly anti-correlated for all plots: (a) r = -0.62, (b) r =
-0.65, and (c) r = -0.63, with p < 0.01 for all graphs. If the correlation is calculated for
the detrended direct observations and detrended anomalies, the anti-correlations are slightly
lower(r= -0.47 in each case), but still material.
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IV.  Summary 
      a. Observa<ons 



Summary of Observa<onal Findings 
Climate Sensi<vity of Snow Mass Peak Date 

  Historical seasonal and inter‐annual variability in the Sierra 
snowpack can be assessed using the snow mass peak date 
metric 

  From 1930 to 2008, there has been a trend towards an 
earlier peak date of ‐0.6 days per decade, coinciding with a 
similar trend in temperature 

  Early spring temperatures affect peak date almost certainly 
due to snowmelt processes 
 This rela<onship is par<cularly pronounced for low 

accumula<on years 
  The robustness in the sensi<vity of snow mass peak date 

to averaged March and April temperature for all spa<al 
and temporal scales included in the data set indicates the 
peak date trend can be apributed to the March and April 
warming trend 



Implications of Findings from Observations 

  Given projec<ons of temperature increases in 
CA of 2°C to 7°C by the end of the century, 
this would imply an earlier snow mass peak 
date of 6 to 21  days 

  A shir in the <ming of resul<ng snowpack 
runoff would effect the reservoir 
maintenance of the California water supply 
from the Sierras 



IV.  Summary 
     b. Applica<on of Observa<ons to 
       Modeling Studies 



Goal: Quan<fy Errors Associated with WRF 
Preliminary Analysis; WRF 3.1.1 Simula<on: Nov. 2001‐2002 



High Resolu<on Necessary over Yosemite 
Average March, April, May SWE at (a) 27km (b) 9km (c) 3km 
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SWE in kg/m
2
 for MAM in the WRF Simulation

For Domain #1
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For Domain #2
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 for MAM in the WRF Simulation

For Domain #3
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Some Sta<ons Mel<ng Too Early 
Note: Jan. 1 = 62; Feb. 1 = 93; Mar 1 = 121; Apr. 1 = 152; May 1 = 182 

Sources: Pavlesky, Kapnick, and Hall 2010 



Distribu<on of Sta<on Correla<on with Model 
Output 
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1   Loca<ons with 
good observa<on‐
model agreement 
occur along the 
ridge of the 
mountain range 

Sources: Pavlesky, Kapnick, and Hall 2010 



Summary of Modeling Work 
Early Findings from WRF 3.1.1 Simula<ons 

  High resolu<ons (on the order of 3km) are 
needed to produce reasonable snow cover  and 
SWE magnitudes 

  Preliminary comparisons to daily snow sta<ons 
show good agreement at sta<ons located along 
the Sierra Ridge; discrepancies at other sta<ons 
could be due to:   
 Lack of accoun<ng for diurnal cycles of melt and 
refreeze of the snowpack (once snow melts, it turns 
into runoff) 

 Errors associated with the resolu<on of observa<ons 
(1m) versus model grid cells (3km)  
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